is paper chooses the apparent diffusion coefficient for OH − (hydroxyl ion) for concrete as an index to evaluate the corrosion degree of concrete subjected to sulfuric acid. Based on the reaction boundary layer theory, a sulfuric acid corrosion model for concrete was established and verified through experiments. e experiment design and data processing of sulfuric acid corrosion tests for concrete were carried out using uniform test design and nonparametric regression. Effects of water-cement ratio and pH value are presented on the sulfuric acid corrosion mechanism for concrete. Test results show that when the pH value was 2.50, the sulfuric acid corrosion degree of concrete was the most serious. e boundary layer effect always existed in the sulfuric acid corrosion for concrete, and the corrosion process included rapid and stable corrosion stages. e apparent diffusion coefficient for OH − for concrete increased with the decrease of pH value and the increase of water-cement ratio and cement proportion.
Introduction
Aggressive sulfuric acid is mainly derived from acid rain, industrial environment, and sewage treatment systems [1] [2] [3] [4] ; further, the physical and chemical reactions between aggressive sulfuric acid and cement hydration products are primary reasons for durability failure of concrete structures [5] . For example, the pH value of inner concrete decreases in a sulfuric acid corrosion environment, which leads to the destruction of the passive film on the surface of reinforcement steel bars, followed by severe steel bar corrosion. Previous studies have shown that water-cement ratio, pH value, type and proportion of cement, coarse aggregate content, mineral admixture, and other factors have important effects on the sulfuric acid corrosion mechanism for concrete [6] [7] [8] [9] [10] [11] [12] [13] . In fact, these factors will affect the pore structures of concrete, and the change of pore structures will significantly affect the transport performance of concrete [14] [15] [16] [17] , which results in a decline in concrete resistance to sulfuric acid corrosion. Being different from the mechanism of sulfate attack on concrete [11, 12, 18, 19] , the sulfuric acid corrosion mechanism for concrete is the result of a combined action of dissolved corrosion caused by hydrogen ion (H + ) and expanded corrosion caused by SO 4 2− (sulfate ion) [20] . is finding led Böhm et al. [21] to propose a moving boundary diffusion model, which can be used to predict sulfide corrosion rate for concrete. Böhm et al. [21] also studied the influencing factors of sulfuric acid corrosion rate. Based on this, Böhm et al. [22] and Jahani et al. [23] predicted sulfuric acid corrosion rate and corrosion layer thickness for concrete and cement mortar through applying the moving boundary diffusion model [21] , which were also verified by experiments. Overall, the sulfuric acid corrosion mechanism for concrete is complicated. is mechanism has been studied by different researchers from different aspects; however, differences between these research results still exist. erefore, the prediction model for concrete corrosion due to sulfuric acid needs to be further studied.
Based on the theory of reaction boundary layer, this paper presents a sulfuric acid corrosion model for concrete combined with the authors' previous research results [24] .
us, the apparent di usion coe cient of OH − (hydroxyl ion) for concrete was analyzed, and the corresponding theoretical formula was also put forward. Long-term soaking tests for concrete subjected to sulfuric acid corrosion were carried out for 150 days through applying uniform design and nonparametric regression. is study's observations on the e ects of water-cement ratio and pH value on concrete sulfuric acid corrosion mechanism led to an apparent di usion coe cient for OH − for concrete. At length, the sulfuric acid corrosion model for concrete was veri ed by experiments. di use into the inner concrete through the corrosion layer from the soaking solution under the action of concentration gradient thereby forming the reaction boundary layer. On the outer boundary of the reaction boundary layer, the OH − concentration is zero, and the H + concentration is the concentration of the soaking solution H + ; however, on the inner boundary of the noncorrosion surface, the H + concentration is zero, and the OH − concentration is the concentration found in the saturated Ca(OH) 2 solution. e sulfuric acid corrosion for concrete occurs in the reaction boundary layer, as shown in Figure 1 .
Sulfuric Acid Corrosion Model for Concrete
In the process of sulfuric acid corrosion for concrete, OH − di uses from interior to exterior of concrete under the action of concentration gradient and reacts with H + in the soaking solution to form the reaction boundary layer. Only when the OH − of the concrete surface has been consumed by H + in the soaking solution, the excess of H + continue to spread to the inner concrete in the concentration gradient e ect and further react with OH − inner concrete. erefore, the whole process of sulfuric acid corrosion relies on the dissolution of Ca(OH) 2 out of concrete and consumption by H + in the soaking solution. Sulfuric acid corrosion for concrete belongs to strong acid corrosion. Sulfuric acid reacts with Ca(OH) 2 in concrete, and the dissolution of generated soluble calcium salts causes the reaction process to continue and the alkalinity of concrete to decrease. Reactions occurring in the reaction boundary layer formed by the sulfuric acid corrosion for concrete can be represented as
According to (1) , the mole ratio of OH − and H + is 1 : 1 in the reaction process, so the apparent di usion coe cient for concrete is considered to be a constant. Assuming that the concentration change of OH − in the reaction boundary layer is consistent with the di usion process of homogeneous reaction; then the whole di usion process can be expressed as
where x is the distance of a point within the reaction boundary layer from the inner boundary (m), and t is the soaking time (s ). Equation (3) gives the boundary conditions of (2) as ), and δ is the thickness of the reaction boundary layer (m).
Assuming that concentration distributions in the reaction boundary layer for OH − and H + are satis ed, the following functions are derived as Equations (3) and (4) show that φ(θ) and ψ(θ) must satisfy the following conditions as
When combined with (2) and (4), the result can be shown as 
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which allows solving (6) as
On the inner boundary within the reaction boundary layer, the relationship between the acid consumption rate of concrete and time can be expressed as
where S is the area of soaking surface (m ). Substituting (7) into (8) gives
Equation (9) shows that the acid consumption rate of concrete is relatively high in the initial reaction stage, decreases rapidly with the increase of reaction time, and will eventually become a constant, A. Hence, the whole process consists of two stages, that is, decline and stability. en, the experimental study and theoretical analysis for concrete subjected to sulfuric acid corrosion can be carried as shown in Section 3.
Materials and Methods

Experimental Design and Specimen Preparation.
e uniform test design method [25, 26] is a test design method that only considers the "uniform dispersion" of the test point in the test range. It is designed by the well-designed tables: the uniform design table.
e uniform design table is usually represented by U n (q s ), where U means uniform design, n means n tests, q indicates that every factor has q levels, and s indicates that the table has s columns, for example, U 8 (8 5 ), which means that 8 tests are required, each factor has 8 levels, the table has 5 columns, and a maximum of 5 factors. e biggest characteristic of uniform test design is that the number of tests required is usually equal to the level number of factors. When the test factors have the same level number, the uniform test design needs less tests than the orthogonal test design.
Considering the effects of the two factors of water-cement ratio and soaking solution's pH value on the sulfuric acid corrosion mechanism for concrete, both factors have eight levels (Table 1) . Because this test is a problem of two factors and eight levels, enabling better test results with fewer test numbers, sulfuric acid corrosion tests for concrete were designed according to the uniform test design method, as shown in Table 2 . Twenty-four concrete specimens were cast. e sizes were all 100 mm × 100 mm × 100 mm, and each kind of watercement ratio consisted of three specimens. e continuous graded gravel of 5-16 mm was used as the coarse aggregate. e concrete mix proportions are in Table 3 . Concrete specimens were taken out from the standard curing room after 28 days.
Sulfuric Acid Corrosion Tests for Concrete.
Five surfaces of concrete specimens were sealed with paraffin, leaving only one surface as the exposed surface. Eight plastic boxes were used as the soaking pool, and three concrete specimens were placed into each soaking pool. In addition, the exposed surface of each concrete specimen was completely perpendicular to the bottom of the soaking pool. ese specimens remained in their boxes and soaking for 150 days at room temperature, as shown in Figure 2 .
e soaking solutions of sulfuric acid were prepared with different initial pH values by mixing the distilled water and concentrated sulfuric acid, and the volume of soaking solution of each group was always 10 L. e change of soaking solution's pH was measured by a portable pH meter in time, and then the soaking solution was titrated with sulfuric acid in time by a rubber head dropper and a cylinder so as to ensure the soaking solution's pH value was basically constant. At the same time, the liquid phase was stirred to ensure a uniform concentration of sulfuric acid throughout the volume of the liquid phase.
In the early stage of experiment, the soaking solution was titrated with sulfuric acid when the measured pH value was up to the titration pH value; however, in the final stage of experiment, even if the measured pH value was not up to the titration pH value, the soaking solution was still titrated with sulfuric acid to the initial pH value. Table 4 shows the titration pH value and titration sulfuric acid concentration. During the titration process, each titration time was recorded along with the amount of titration sulfuric acid, and the average acid consumption rate was obtained by dividing the amount of titration sulfuric acid at each interval based on the consecutive titration time periods.
Results and Discussion
Apparent Characteristics of Concrete Subjected to Sulfuric
Acid Corrosion. After 150 days, the concrete specimens subjected to sulfuric acid corrosion were taken out with different water-cement ratios in the soaking solutions of different pH values. Figure 3 shows the apparent changes in Advances in Materials Science and Engineeringthe characteristics of concrete specimens. With the decrease of pH value, the color of each exposed surface of concrete specimen in turn was gray, yellow, and white. e gray surface indicated that the corrosion degree of the concrete specimen suffered sulfuric acid was light, and the color of the exposed surface was basically the same as the noncorrosion surface.
e yellow surface revealed that the sulfuric acid corrosion degree was serious, and the surface of the concrete specimen had a loose yellow sand layer. e white surface shows that a large amount of CaSO 4 (calcium sulfate) was deposited on the concrete specimen surface. In the initial stage of the sulfuric acid corrosion of concrete, the reaction rate was very fast and a large amount of CaSO 4 was produced. At the same time, CaSO 4 blocked the surface pores of concrete specimen, which caused the corrosion reaction rate to gradually slow down, so the corrosion degree gradually decreased.
e sizes of concrete specimens were measured before and after sulfuric acid corrosion using a vernier caliper.
ese concrete specimen measurements of the average corrosion layer thicknesses' exposure to sulfuric acid after 150 days are shown in Figure 4 . When the soaking solution's pH value was 2.50, the corrosion layer thickness was the largest, and the sulfuric acid corrosion degree was the most serious. When the soaking solution's pH value was between 2.50 and 4.00, with the decrease of pH value, the corrosion layer thickness increased, and the sulfuric acid corrosion degree became more and more serious. is may be because in the process of sulfuric acid corrosion for concrete, the formation rate of CaSO 4 was not much different from the dissolution rate, so the corrosion reaction continued into the concrete interior. However, the corrosion layer thickness decreased with the decrease of pH value when the soaking solution's pH value was between 2.00 and 2.50, leading to a progressively smaller sulfuric acid corrosion degree. is may be because the formation rate of CaSO 4 in the early corrosion reaction was far greater than its dissolution rate, since the nondissolved CaSO 4 gradually deposited on concrete specimen surface, which blocked the surface pores and slowed down the corrosion reaction signi cantly.
Sulfuric Acid Corrosion Law for Concrete.
According to the sulfuric acid corrosion tests for concrete, the acid consumption rate over time was measured as shown in Figure 5 . e acid consumption rate of concrete in the early stage was relatively high, but it decreased rapidly and gradually stabilized with the corrosion reaction. e whole process consisted of two stages: the descending and stable periods. e cuto point was approximately 800 hours. In addition, the lower the soaking solution's pH value was, the higher the initial acid consumption rate of concrete, leading to a greater sulfuric acid corrosion rate for concrete.
Verification of the Sulfuric Acid Corrosion Model and Determination of an Apparent Diffusion Coefficient for OH 2 for Concrete
Veri cation of the Sulfuric Acid Corrosion Model for
Concrete. To clearly show the variation law of the acid consumption rate of concrete over time, the measured data within 800 hours were tted according to (9) . e tting parameters are seen in Table 5 , and the tting results are shown in Figure 6 . Except for the last three groups of experimental data, (9) gave all test specimens a higher fitting degree. e theoretical model can reflect the change law affecting the acid consumption rate over time, thereby verifying the accuracy of the theoretical model. When the soaking time was relatively long (200 hours), the measured values of the acid consumption rate were slightly lower than fitted values, and this trend was more obvious with the decrease of pH value in the soaking solution.
is phenomenon is related to the flocculent CaSO 4 on the concrete surface, which is also called the boundary layer.
As the solubility of CaSO 4 decreases with the decrease of soaking solution pH value, the boundary layer thickness increases with the decrease of pH value. e presence of the boundary layer results in a decrease in the reaction rate, which slows down the formation rate of CaSO 4 . At the same time, CaSO 4 is constantly dissolving out of the concrete to reduce the CaSO 4 concentration in the reaction boundary layer, resulting in the dissolution of the boundary layer, which increases the reaction rate. e deceleration or acceleration of the reaction rate caused by the formation or dissolution of the boundary layer will eventually reach a dynamic equilibrium.
Determination of an Apparent Diffusion Coefficient for OH
− for Concrete. Under a sulfuric acid corrosion environment, the dissolution of Ca(OH) 2 in concrete results in the change of concrete pore structures, which further results in the change of concrete's apparent diffusion coefficient. However, the apparent diffusion coefficient for concrete is difficult to measure directly, and then the formula for calculating the apparent diffusion coefficient for OH − for concrete can be obtained by (9) as
Choosing a shape function which can satisfy (5) yields
Substituting (11) in (7) gives
Substituting (12) in (10) yields
e total area S of the exposed surfaces of each group of concrete specimens was 0.03 m ; then, the apparent diffusion coefficients for OH − for concrete were obtained by using Table 5 and (13), as shown in Figure 7 . When the soaking solution's pH value was more than 2.50, the apparent diffusion coefficients for OH − for concrete increased slowly with the decrease of pH value and then increased rapidly with the further decrease of pH value.
Effects of Water-Cement Ratio, Soaking Solution's pH Value, and Cement Proportion on the Apparent Diffusion
Coefficient for OH − for Concrete. Because the relationship was not directly determined between the apparent diffusion coefficient for OH − for concrete and water-cement ratio, the soaking solution's pH value and cement proportion of C/(C + FA + CA) required an analysis by ACE (alternating conditional expectation) regression [27] of nonparametric regression where x 1 , x 2 , x 3 , and y are water-cement ratio, soaking solution's pH value, cement proportion, and ln(D OH − × 10 13 ), respectively. Searching for the transformation relations of φ 1 (x 1 ), φ 2 (x 2 ), φ 3 (x 3 ), and θ(y) which can satisfy the following mapping relation between input parameters of x 1 , x 2 , x 3 , and function of y gave
us, the function y was determined as
e nonparametric regression analysis was performed using ACE. e fitting correlation coefficient was 0.9923, and the fitting effect was very good. Table 6 gives the values of each parameter before and after ACE regression, and (16) gives the mapping relations of x 1 ∼φ 1 (x 1 ), x 2 ∼φ 2 (x 2 ), x 3 ∼φ 3 (x 3 ), and y∼θ(y) obtained using ACE. Figure 8 gives the relationship between the experimental and regression values for y, which is in good agreement with each other and has a positive proportion relationship. It can be seen from this that ACE has a very good practical value. 
Namely,
Equation (18) showed that when the pH value decreased, water-cement ratio and cement proportion increased; thus, the corrosion degree of concrete subjected to sulfuric acid increased in severity.
Conclusions
With the decrease of soaking solution's pH value, the color of the exposed concrete specimen surface changed from gray Advances in Materials Science and Engineering 
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to yellow and then to white. e corrosion layer thickness of the concrete specimen did not increase continuously with the decrease of pH value. When the soaking solution's pH value was 2.50, the corrosion layer thickness reached the maximum value, which means the sulfuric acid corrosion degree of concrete was the most serious.
A sulfuric acid corrosion model for concrete was established based on the reaction boundary layer theory and was solved by applying the separation of variables.
en, a theoretical formula for the acid consumption rate of concrete was obtained.
e sulfuric acid corrosion process of concrete can be divided into two stages, namely, the rapid corrosion stage and the stable corrosion stage. Because of the e ect of the boundary layer, the measured acid consumption rate of concrete was slightly lower than the theoretical value when the soaking time was relatively long. rough the sulfuric acid corrosion tests for concrete, the accuracy of the sulfuric acid corrosion model for concrete was veri ed. is model can be used to predict the sulfuric acid corrosion mechanism for concrete in practical engineering and to provide the foundation for steel corrosion prediction.
e sulfuric acid corrosion tests for concrete were planned using uniform design. e apparent di usion coe cient for OH − for concrete was chosen as the evaluation index for the sulfuric acid corrosion degree of concrete, and then the calculation formula was obtained through nonparametric regression. e results showed that the apparent di usion coe cient for OH − for concrete increased when the pH value decreased and the water-cement ratio and e uniform design and nonparametric regression had a high efficiency in the experimental research and matched each other well, which was of great significance to this scientific research.
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